We demonstrate soliton-effect pulse compression in mm-long photonic crystal waveguides resulting from strong anomalous dispersion and self-phase modulation. Compression from 3ps to 580fs, at low pulse energies(~10pJ), is measured via autocorrelation.
Introduction
Soliton-effect pulse compression has been experimentally demonstrated in fibers [1] , Bragg gratings [2] , photonic crystal fibers [3, 4] , and photonic nanowires [5, 6] . Periodic dielectric structures have long been known to have extremely large dispersion thus enabling observation of soliton effects at centimeter length scales [2] . The decreased interaction length, however, requires a correspondingly large nonlinear effect to match the strength of the dispersion. To realize this, one may increase the optical intensity inside the waveguide through: (a) direct input of larger peak powers; (b) decreasing the effective modal area [5, 6]; or, most recently, (c) via dispersion-engineered periodic slow-light structures [3, 7] . The large Kerr coefficients of semiconductors [8] or chalcogenides [9] also reduce the threshold. Here we demonstrate the first experimental observation of soliton-effect pulse compression in semiconductor photonic crystal waveguides (PhCWG). The strong group-velocity dispersion (GVD) [7] combined with a slow-light enhanced optical field in the periodic dielectric media [10] allow for pJ threshold pulse compression at millimeter length scales. 
Description of sample properties and experiment
The GaInP PhCWG sample studied here is a 1.3 mm long W1 air-suspended waveguide structure with a 170 nm thickness triangular lattice (period a = 485nm) of holes of radius r = 0.20a, and innermost radii of r = 0.22a - Fig.  1(a) . The pictured integrated mode-adapters [11] reduce the total input-output chip insertion losses to ~ 8 dB, with 4 dB due to the objectives. The group indices (n g ) in Fig. 1 (b) are extracted via a phase-shift technique [12] with the derived group-velocity dispersion (GVD, β 2 ) and third-order dispersion (TOD, β 3 ) coefficients shown in Fig. 1 (c) Importantly, the GVD is negative (anomalous dispersion) across the range of interest. More precisely, the dispersion lengths (L D = 3.1 T FWHM 2 / |β 2 |) range from 6 to 1.6 mm, which is the right order of magnitude for observing compression [13] . For the nonlinear measurements, we employed a tunable mode-locked fiber laser (PriTel) tuned for Fourier-limited pulses of ~2.5 to 4 ps at a 22 MHz repetition rate with electric-field polarized in-plane with the PhC slab. The pulse power is modulated with a half-wave plate and polarizer, thereby preventing misalignment and undesirable modification of the pulse shape. The pulse output is monitored with an optical spectrum analyzer (OSA). Owing to the low insertion loss, the output is directly fed into an autocorrelator, thereby eliminating the risk of pulse distortion due to amplification. In Fig. 1(d) , we plot the experimental (dots) and theoretical scaling ~(n g /n 0 ) . We examined the output pulses directly in the time-domain through secondharmonic intensity autocorrelation. Figure 2a show a series of traces at 1551 nm (n g =8.3) for increasing pulse energies. The autocorrelation trace widths (FWHM) decrease from an input duration of 4.9 ps (3.2 ps deconvolved assuming a hyperbolic secant factor of 1.54) to a minimum 900 fs (580 fs) at 22 pJ, for a compression ratio, χ c = T in /T out , of 5.4. Importantly, use of a material free of two-photon absorption dramatically reduces the impact of nonlinear absorption and free-carrier dispersion, thus preventing detrimental interference with the soliton dynamics. This can be seen more clearly in the corresponding spectra in the right panel of Fig. 2(a) and Fig. 2(e) . The symmetry of the spectra demonstrate a dominant Kerr term and rules out free-carrier dispersion from carriers generated by TPA or ThPA at these intensities [10] , or third-order dispersion(TOD) [13] even at the final pulse durations. Similar results were observed for several other wavelengths. The propagation of optical pulses in a slow-light PhC waveguide is modeled through the nonlinear Schrödinger equation (NLSE) [13, 15] with parameters observed directly from our experiments, or calculated using MPB (A eff ) [16] . One can see that the simulated curves of the autocorrelation, Figs. 2(c,d) , and spectra, Fig. 2(e) , correspond well with the experimental data. Importantly, the model agrees simultaneously with both the autocorrelation and spectra. The ultimate limits to the system are two-fold. The strong linear scattering, α =1 dB/mm at n g =6, scaled with n g 2 [17], of slow-light ultimately eliminates the periodic property of higher-order solitons. As for the nonlinear absorption, ThPA places a fundamental limit to the peak powers that can be produced, and thus forms the upper bound to the maximum compression. We note that materials limited by two-photon absorption would experience far greater attenuation, (e.g. have lower peak powers). They also require longer length scales to observe the same phenomena as they possess a greatly diminished critical intensity from free-carrier effects [10] . These observed short pulses on-chip are useful for multi-wavelength high-speed communications and other applications.
Conclusion
We have demonstrated pulse compression in a photonic crystal waveguide through autocorrelation measurements. We achieve sub-ps compression with pulse energies on the order of 10 pJ on a millimeter length scale. The ability to dispersion engineer slow-light PhCWGs, with enhanced nonlinearities and tunable group velocity dispersion , to precisely control the pulse width while minimizing the negative impact of nonlinear absorption make PhCWGs promising for compact pulse compression applications.
